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ABSTRACT: We have recently disclosed [(dtbpy)2RuCl2] as an effective precatalyst for chemoselective C−H hydroxylation of
C(sp3)−H bonds and have noted a marked disparity in reaction performance between 4,4′-di-tert-butyl-2,2′-bipyridine (dtbpy)-
and 2,2′-bipyridine (bpy)-derived complexes. A desire to understand the origin of this difference and to further advance this
catalytic method has motivated the comprehensive mechanistic investigation described herein. Details of this reaction have been
unveiled through evaluation of ligand structure−activity relationships, electrochemical and kinetic studies, and pressurized
sample infusion high-resolution mass spectrometry (PSI-MS). Salient findings from this investigation include the identification
of more than one active oxidant and three disparate mechanisms for catalyst decomposition/arrest. Catalyst efficiency, as
measured by turnover number, has a strong inverse correlation with the rate and extent of ligand dissociation, which is
dependent on the identity of bipyridyl 4,4′-substituent groups. Dissociated bipyridyl ligand is oxidized to mono- and bis-N-
oxide species under the reaction conditions, the former of which is found to act as a potent catalyst poison, yielding a
catalytically inactive tris-ligated [Ru(dtbpy)2(dtbpy N-oxide)]

2+ complex. Insights gained through this work highlight the power
of PSI-MS for studies of complex reaction processes and are guiding ongoing efforts to develop high-performance, next-
generation catalyst systems for C−H hydroxylation.

■ INTRODUCTION

The evolution of catalytic methods for selective C−H bond
oxidation has transformed the practice of complex molecule
synthesis.1 These technologies provide single-step access to
value-added products, including modified natural products,
active pharmaceutical ingredients, and drug metabolites.2 The
prevalence of reports describing new catalysts and protocols
for C−H oxidation notwithstanding, efficient chemo- and site-
selective functionalization of substrates bearing polar func-
tional groups, and in particular nitrogen-based substituents,
remains a formidable challenge for methods development.3,4

Recent disclosures from our lab and others capitalize on
seminal work by Adam and co-workers to address the intrinsic
problems with oxidative cross-reactivity of amines and
azaheterocycles.5,6 To this end, we have demonstrated that a
mononuclear Ru-catalyst derived from 4,4′-di-tert-butyl-2,2′-
bipyridine (dtbpy), cis-[Ru(dtbpy)2X2], functions as an

efficient precatalyst for oxidation of 3° and benzylic C−H
bonds in aqueous acid medium.7 Efforts to improve the scope
and performance of this chemistry have motivated mechanistic
studies to understand off-pathway reactions that limit catalyst
turnover numbers. These investigations have revealed an
unexpected pathway for catalyst arrest that illuminates the link
between ligand substitution and catalyst performance.

■ BACKGROUND
Prior work from our laboratories has shown that both
[Ru(Me3tacn)Cl3] (Me3tacn = N,N′,N″-trimethyl(1,4,7-triaza-
cyclononane)) and cis-[Ru(dtbpy)2Cl2] function as effective
precatalysts for C−H oxidation using terminal oxidants such as
ceric ammonium nitrate (CAN), NaIO4, and H5IO6.
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salient feature of these catalyst systems is kinetic stability in
aqueous acid. By comparison, first-row catalysts are generally
unstable under oxidizing conditions in aqueous solution.10 The
use of aqueous acid as a solvent medium solubilizes polar
substrates and retards amine reactivity through protonation.
Although [Ru(Me3tacn)Cl3] affords turnover numbers

(TONs; TON = mol product/mol Ru) of 5−80 with select
substrates, catalyst modification to improve scope and
efficiency is severely restricted by an inflexible ligand design.
In contrast, substituted 2,2′-bipyridines can be used to
generate an array of sterically and electronically disparate cis-
(bpy)2Ru(II)X2 complexes that serve as precatalysts for C−H
oxidation (Figure 1). For the purpose of exploring catalyst
structure−function, this system is considerably advantaged
over Ru-tacn.

We have employed a suite of electrochemical, spectroscopic,
and modern spectrometric analysis methods to interrogate the
mechanism of Ru-catalyzed C−H oxidation. These studies
have been guided by three overarching questions: (1) what is
the influence of bipyridine structure on catalyst TONs; (2)
what is the nature of the active Ru-oxidant(s); (3) what is
(are) the pathway(s) for inhibition of reaction turnover and/or
catalyst arrest. Our work has culminated in the surprising
discovery of a mechanism for catalyst arrest involving ligand
dissociation and oxidation to form a catalyst poison. Insights
afforded from these findings will guide the design of high-
performance, next-generation C−H oxidation catalysts.

■ RESULTS AND DISCUSSION
Precatalyst SAR and Reaction TON. To better under-

stand the effects of catalyst structure on TON, we examined
[bis(bipyridyl)RuX2] catalysts bearing differentially substituted
bipyridine ligands.11 Attempted preparation of these complexes
using a reported literature route (2 equiv of ligand, RuCl3,
refluxing dimethylformamide (DMF)) generally yielded
mixtures of mono-, bis-, and tris-ligated Ru(II) and Ru(III)
complexes.12 Changing solvent and Ru salt afforded signifi-
cantly improved product yields and a reliable method for
preparing new [bis(bipyridyl)RuCl2] precatalysts (Scheme 1,

method A).13 With select ligands, however, isolation of pure
product remained difficult. The addition of carbonate offered a
convenient solution to the separations problem, allowing for
isolation of a single Ru species as the carbonate adduct
(Scheme 1, method B). The chelating nature of the carbonate
ligand presumably biases formation of the cis-configured
[bis(bipyridine)Ru(CO3)] complex. This protocol may prove
effective for generating other cis-configured Ru derivatives.
A series of Ru-precatalysts derived from chelating dipyridyl

ligands was evaluated under a standard protocol in an
oxidation reaction of 3-methylpentyl benzoate 5 (5 mol %
catalyst, H5IO6 or (NH4)2Ce(NO3)6, AcOH/H2O, 4 h, Table
1). Notably, dichloro- and carbonato-derived complexes

performed equivalently in all cases examined (entries 1 and
2, 4 and 5). In general, precatalysts derived from electron-rich
bipyridine ligands (e.g., alkyl-, MeO-) displayed the highest
TONs (entries 1−3, 6, and 7).14 Among the precatalysts
tested, cis-[Ru(dtbpy)2(CO3)] (1), was distinguished as the
top performer (entry 1), matched only by cis-[Ru(4,4′-
(MeO)2-bpy)2(CO3)] (4) in combination with a large excess
of (NH4)2Ce(NO3)6 (entry 7).
To gain additional insight into the link between ligand

structure and catalyst TON, reaction progress was monitored
by 1H NMR (Figure 2). For this analysis, oxidation of
substrate 5 was analyzed using precatalysts cis-[Ru-
(dtbpy)2(CO3)] (1), cis-[Ru(dmbpy)2(CO3)] (2) (dmbpy =
4,4′-dimethyl-2,2′-bipyridine), and cis-[Ru(bpy)2(CO3)] (3).
The efficiencies of these three complexes for C−H
hydroxylation are varied despite modest differences in
structure (see Figure 1).15 All three precatalysts show an

Figure 1. Mechanistic study of Ru-catalyzed C−H hydroxylation
reaction to understand differences in precatalyst performance.
Turnover numbers (TONs) determined from reactions performed
with 0.5 mol % catalyst loading.

Scheme 1. Synthesis of Dichloro- and η3-Carbonato-Ru(II)
Precatalysts

Table 1. Examination of Ru Precatalysts for C−H
Hydroxylationa

aReactions were conducted on 0.10 mmol scale. Conditions: 5 mol %
cis-[(ligand)2RuCl2] or cis-[(ligand)2Ru(CO3)] (3.125 mM), 2.0−6.0
equiv of oxidant (125−375 mM), AcOH/H2O, 4 h. Product
conversions estimated by 1H NMR integration of unpurified reaction
mixtures against an internal standard. bR2 = H. cOxidation of 5 is not
productive with H5IO6; CAN = (NH4)2Ce(NO3)6.
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initial phase of rapid product formation during the first 5 min
of reaction (Figure 2). Complexes 1 and 2 feature a second
phase of product formation before plateauing at 10 and 20
min, respectively. By contrast, the reaction with 3 reaches
completion within ∼4 min. From these data, it appears that
reaction performance is correlated with catalyst lifetime and
not intrinsic differences in catalyst activity. Accordingly,
subsequent experiments were devised to challenge this
conclusion.
Electrochemical Studies of Precatalysts 1−4. Electro-

chemical measurements were conducted with precatalysts 1−4
to compare the redox potentials of the different Ru species and
to determine if more than one Ru oxidant was capable of
hydroxylating substrate. Cyclic vol (CVs) tammograms of each
precatalyst were recorded in aqueous HClO4 and in AcOH/
aqueous HClO4 mixtures in the absence and presence of
substrate (Figures 3, S2 and S3).16 Meyer previously reported

that cis-[(bpy)2Ru(CO3)] (3) in aqueous HClO4 cycles
reversibly between five oxidation states, Ru(II) to Ru(VI).17

Related studies characterized [(6,6′-Cl2bpy)2Ru(O)2]2+, a cis-
configured Ru(VI)-dioxo adduct, and demonstrated that this
complex can promote stoichiometric C−H hydroxylation of
simple alkanes.18 Substrate oxidation by a Ru(V)-oxo or -dioxo
intermediate also appears to be possible based on the available
electrochemical data.
Cycling of 1 from 0.4 to 1.5 V at a 10 mV/s scan rate

afforded a fully reversible redox wave (black trace) that reflects
multiple Ru oxidation states and is analogous to data recorded
by Meyer with 3.19 Redox waves at 0.6, 1.2, and 1.35 V (vs
SCE) were thus assigned as Ru(II)/Ru(III), Ru(IV)/Ru(V),
and Ru(V)/Ru(VI) couples, respectively. To determine which
form(s) of 1 might participate in C−H hydroxylation, cyclic
voltammograms were obtained with added substrate (0.5 mM,
Figure 3, red trace).20 In these experiments, a small current
increase was noted at 1.20 V with a second, more substantial
rise in current as the potential was scanned past 1.30 V. The
increase in current at a given potential is indicative of
electrocatalytic oxidation.20 Conversely, the absence of a
change in current below ∼1.18 V implies that Ru oxidation
states of 1 below this applied potential are unreactive with
substrate. This conclusion is supported by a series of constant
potential bulk electrolysis reactions in which no substrate
oxidation was detected at potentials below 1.15 V (Table S3).
Data obtained from CV and bulk electrolysis experiments

with precatalyst 1 in the presence of substrate are consistent
with an electrocatalytic process mediated by a Ru(VI) oxidant.
The structure of this intermediate is presumed to be cis-
[(dtbpy)2Ru(O)2]

2+ by inference to prior work.17 The small
increase in current at 1.2 V (red trace, Figure 3) suggests, but
does not conclusively establish, that a Ru(V) species may also
function as a competent oxidant. The closeness of the onset
potentials for Ru(V) and Ru(VI) further obscures this analysis.
Analogous experiments with precatalysts 2−4 led to the same
conclusions, as peak potentials for Ru(IV)/Ru(V) and Ru(V)/
Ru(VI) couples are within error for all four complexes
examined (Figure S1).
CV recordings show no evident link between catalyst

structure, thermodynamic redox potential, and reaction
performance. In addition, these experiments fail to provide
definitive evidence for Ru(V) as an active oxidant, although the
reactivity of Ru(VI) with substrate is clear.21 Accordingly, with
the goal of understanding performance differences between
precatalysts 1−3 (see Figure 1), experiments using alternative
analytical methods, including NMR and mass spectrometry,
were pursued.

19F NMR Spectroscopy and Mass Spectrometric
Investigations of Catalyst Speciation. 19F NMR spectros-
copy provides a useful analytical method for tracking catalyst
speciation as a function of reaction progress.22 In order to
measure catalyst lifetime and to gain insight into the
distribution of Ru products formed throughout the course of
the hydroxylation reaction, a Ru(II) precatalyst derived from
5,5′-difluoro-4,4′-dimethyl-2,2′-bipyridine (7) was prepared
(Figure 4). Analysis of the spent oxidation reaction of 5 with
precatalyst 7 performed under standard conditions revealed
the primary 19F-signal to be that of free ligand. This result is
consistent with early work of Meyer and gives the first clue that
ligand dissociation may be a primary degradation event
limiting catalyst TONs.17

Figure 2. Reaction progress kinetic profiles of precatalysts 1, 2, and 3
in the oxidation of 5. Conditions: 5 mol % cis-[(ligand)2Ru(CO3)]
(3.125 mM), 2.0 equiv of H5IO6 (125.0 mM), AcOH/H2O. Product
conversions estimated by 1H NMR integration of unpurified reaction
mixtures against an internal standard.

Figure 3. Cyclic voltammograms of 1 mM cis-[(dtbpy)2Ru(CO3)] 1
in 1:1 AcOH/0.75 M aqueous HClO4; (pH 0.5) in the absence and
presence of substrate. Cyclic voltammetry performed with a 10 mV/s
scan rate using a glassy carbon working electrode, platinum mesh
counter electrode, and SCE reference electrode. The substrate for
these experiments is 2-amino-6-methylheptane; see Supporting
Information for details.
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Subsequent experiments aimed at tracking reaction progress
through 19F NMR spectroscopy were attempted, but were
unable to provide useful information regarding catalyst
speciation. These studies were confounded by the poor
signal-to-noise of the 19F spectra, in part due to the
paramagnetism of some of the Ru intermediates. Reaction
monitoring by real-time mass spectrometry thus became the
method of choice for analyzing catalyst speciation and
decomposition pathways.
Mass spectrometry is ideally suited for studying catalyst

speciation in our C−H oxidation reaction given the unique
isotopic fingerprint of Ru. In practice, in situ monitoring of the
Ru-catalyzed reaction is possible using pressurized sample
infusion mass spectrometry (PSI-MS).23 This method enables
continuous infusion of a sample from a reaction that is
performed in a conventional round-bottom flask setup under
standard conditions. Temporal resolution of ion counts
permits correlation of different analytes with kinetic events
relevant to reaction catalysis.24 Accordingly, we anticipated
that data obtained from PSI-MS could provide key insights
into the reaction mechanism and catalyst degradation path-
ways.
For the PSI-MS study that follows, speciation of precatalyst

1 was examined for reactions with H5IO6 in the absence and
presence of substrate 5 (Figures 5 and S5−S11). The
carbonato form of 1 was selected for this analysis, as the
dichloro derivative produced more complex (due to splitting
from multiple chloride isotopes) and often overlapping signals
in the mass chromatogram, thus complicating analysis.25

Additional Ru-containing ions that are not highlighted in the
following discussion are, in large part, related analytes with
additional MeCN ligands or different counterions or charges
(details can be found in the Supporting Information). Putative
structures of individual ions are inferred using tandem MS/MS
methods and, when possible, by direct comparison of MS data
with authentic samples.
Initial PSI-MS control experiments were performed in the

absence of substrate with precatalyst 1 (3.125 mM) and H5IO6
(125.0 mM) (Figure S11). Upon addition of H5IO6, two
prominent ions centered at m/z 713.3004 and 845.1694 are
immediately detected. Within 3 min of initiating the reaction,
both of these species are no longer present (Figure S11).26

These signals correspond to a Ru(IV)-oxo and a Ru(VI)-dioxo
species, respectively, with assignments supported by collision-
induced dissociation (CID) MS/MS data (structures appear in
Figure 5B). Prior work by Meyer has indicated that the
Ru(VI)-dioxo form of precatalyst 3, [(bpy)2Ru(O)2]

2+, is quite
labile and degrades within seconds following generation.17

Therefore, it is notable that PSI-MS enables detection of the
analogous complex generated from 1.

Performing the equivalent PSI-MS experiments in the
presence of substrate 5 (62.5 mM) shows the same ions at
713.3004 and 845.1694, along with a third prominent ion at
m/z 888.1866 (Figure 5). We have assigned this latter species
as a Ru(V)-oxo complex. All three high-valent intermediates
appear rapidly upon addition of H5IO6; however, with
substrate present, the ion counts corresponding to these
analytes do not deplete until 15−20 min (Figure 5B, black,
teal, green traces). As the cyclic voltammetry and bulk
electrolysis data indicate that Ru species formed at potentials
below ∼1.18 V are unreactive toward substrate (vide supra), we
surmise that the Ru(IV) ion at m/z 713.3004 is a resting state
of the catalyst, not responsible for direct turnover of product.

Figure 4. 19F NMR spectroscopy reveals loss of ligand in the
oxidation of 5 by fluorine-substituted catalyst 7; see Supporting
Information for experimental details.

Figure 5. (A) Mass chromatogram from m/z 400 to 900 taken at 0.5
min of a reaction containing 5 mol % 1, 1.0 equiv of 5, and 2.0 equiv
of H5IO6. Inset: Spectrum from m/z 420 to 440. (B) Extracted ion
chromatographs of select Ru species. Each trace is normalized to the
total ion count, and the highest intensity is set to 1.0. Dead time offset
of −0.5 min has been applied.
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Among the different Ru analytes formed in reactions with
substrate 5, including the aforementioned high-valent Ru-oxo
and -dioxo ions, two species at m/z 438.2056 and 429.7034 are
particularly telling of the reaction mechanism (Figure 5B).
These intermediates have been assigned as substrate-bound
ruthenium complexes (i.e., Ru-alkoxides). The identification of
[(dtbpy)2Ru(OH)(OR)]

2+ at m/z 438.2506 provides strong
evidence for the role of a Ru(VI)-dioxo oxidant as an active
hydroxylating agent under the reaction conditions. Formation
of this product could occur through either a canonical C−H
abstraction/radical rebound mechanism or a concerted [3 + 2]
cycloaddition, both of which have been proposed for cis-dioxo-
Ru C−H hydroxylation reactions.27,28 Similarly, the ion at m/z
429.7034 corresponding to the Ru(III)-alkoxide could
plausibly derive from substrate reacting with a Ru(V)-oxo
species.
Having obtained support from complementary electro-

chemical and MS experiments for the generation of, at
minimum, two active oxidants, we next attempted to determine
the reaction mechanisms and structures of catalyst products
responsible for inhibiting turnover. Among the different
pathways that may result in catalyst degradation or arrest, we
initially considered two: dimerization (pathway 1, Figure 6)

and ligand dissociation (pathway 2).29 In the latter case, the
resulting monoligated (bpy)Ru complex is unlikely to support
catalysis.30 Our analysis of these processes capitalized on the
availability of three structurally related precatalysts, 1−3, and
the evident differences in reaction performance between these
complexes (see Figure 1).
PSI-MS Study of Catalyst Dimerization. Catalyst

dimerization (pathway 1, Figure 6) is commonly invoked
with reactive metal-oxo species and was assumed a likely
pathway for catalyst inactivation.31 When precatalyst 1 is
mixed with H5IO6 and substrate 5, PSI-MS reveals an ion at
m/z 779.7384 that corresponds to a dimeric Ru(IV/V) species.
This signal appears within 1 min and then dissipates over the
course of 20 min (see Figures 5, S8). The transient nature of
this ion suggests that this particular species is kinetically labile
under the reaction conditions. Interestingly and in spite of the
excess of H5IO6 used in this process, lower valent dimeric
complexes (e.g., Ru(III/IV), Ru(IV/IV)) are detected within
∼10 min of initiating the reaction (Figure 7); signals ascribed
to these species increase until the reaction no longer proceeds.
The ion count for these two complexes is quite low, and, thus,
we posit that dimer formation is only partly responsible for
catalyst arrest. Dimeric adducts of precatalysts 2 and 3 are not
detected at all when monitored by PSI-MS. Collectively, these
results are rather surprising given the predilection for reactive
metal-oxo species to aggregate.31 In our prior studies with
[Ru(Me3tacn)Cl3], dimerization was identified as the primary
mode of catalyst inactivation.31d As dimer formation is unable
to fully account for differences in catalyst performance,

mechanisms involving ligand dissociation were subsequently
interrogated.

PSI-MS and HPLC Evaluation of Ligand Dissociation.
In accordance with data from 19F NMR studies (vide supra),
PSI-MS confirms that ligand dissociation occurs for all three
precatalysts examined (Figure S46−S49). Mono- and bis-N-
oxidized ligand products are detected in addition to free ligand.
These data give qualitative evidence for marked differences in
the rate of ligand dissociation between the three precatalysts.
Signals correlating with monobipyridyl-Ru adducts appear at
early reaction time points for precatalysts 2 and 3, but not for 1
(Figures S35, S39).32 Additionally, for complexes 2 and 3,
detection of free ligand and product formation appear to reach
a maximum at the same time point; this is not the case for
precatalyst 1. These findings strongly implicate ligand
dissociation as a deleterious process that limits reaction
turnover. The heightened performance of 1 appears to derive
from the kinetic stability of the oxidized form(s) of the
(dtbpy)2Ru complex with respect to ligand exchange.
In support of the results from our PSI-MS study, we have

quantified by HPLC ligand dissociation as a function of
reaction progress (Figure 8). A standard oxidation reaction was
performed and sampled at different time points to measure free
ligand concentration in addition to mono- and bis-N-oxide
products, which were also detected. Consistent with our MS
data, the total amount of dissociated ligand is lowest (∼20%)
in experiments with precatalyst 1. By comparison, complex 3

Figure 6. Postulated degradation mechanisms of [bis(bipyridyl)-
RuX2] precatalysts under oxidative conditions. R = H, Me, or tBu.

Figure 7. Proposed structures of stable Ru dimers.

Figure 8. Quantitative HPLC evaluation of ligand loss versus time for
catalysts 1−3 in the oxidation of substrate 5. Percentage of total
ligand dissociation assumes 1 equiv per catalyst; see Supporting
Information for details.
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rapidly loses a bpy group, reaching a maximum (>70%) within
minutes after the reaction commences. Peak ligand loss is
coincident with cessation of catalyst turnover. Thus, the major
pathway that limits TONs with precatalyst 3 is ascribed to
ligand dissociation (pathway 2, Figure 6). Conversely, the
absence of such a correlation with precatalyst 1 intimates that
more than one pathway leading to catalyst decomposition/
inactivation is operative.
Identification of a Catalyst Arrest Mechanism. PSI-MS

data for reactions with 1 were further examined to understand
the differential performance of this precatalyst. From this
analysis, a prominent signal at m/z 461.2406 was identified as a
tris(bipyridyl)Ru(II) complex (8) (Figure 9). The structure of

adduct 8 was suggested from MS and MS/MS analysis to
comprise two dtbpy ligands and one dtbpy N-oxide.33

Interestingly, maximum ion counts for 8 coincide with the
time the reaction catalyzed by 1 takes to reach completion
(∼20 min).34,35

Detection of the tris-complex 8 is quite surprising in
considering plausible mechanisms through which this adduct
may form. In light of our other observations, one obvious
pathway involves oxidation of the dissociated ligand and
binding of the resulting bipyridyl N-oxide to a Ru center. The
fact that 8 is a Ru(II) complex (as indicated by MS) is,
however, hard to rationalize given the excess amount of H5IO6
that is present under the reaction conditions. In addition, the
low pH of the reaction medium would be expected to
protonate dtbpy and therefore disfavor ligand N-oxidation.36

Accordingly, further experiments were designed to query the
mechanism of formation of 8 and the likelihood that this
adduct is an arrested state of the catalyst.

To test if dtbpy N-oxide functions as a catalyst poison,
varying quantities of this material were added to a
hydroxylation reaction of 5 performed under standard
conditions (Table 2). Remarkably, even small amounts of

the N-oxide (0.1 mol %) reduced product conversion by ∼2-
fold (entry 2). With 5 mol % of this additive, the reaction was
completely shut down (entry 5). Subsequent experiments
showed that the addition of free ligand, dtbpy, was similarly
deleterious to catalyst performance.37 In addition, only trace
alcohol product 6 was obtained when the bpy-derived tris-
complex was tested as a precatalyst (see Supporting
Information for details). Together, these findings provide
compelling evidence that formation of 8 is a principal pathway
for catalyst deactivation in reactions with 1 (Figure 10). The
two other bipyridyl complexes, 2 and 3, are more susceptible
to ligand dissociation, and thus this alternative channel for
catalyst arrest may play a less prevalent role in affecting TONs.
At present, the mechanism of formation of the tris-

(bipyridyl)Ru(II) complex 8 remains outstanding. Our finding
that catalyst turnover is retarded by the addition of small
quantities of free ligand (dtbpy) would seem to favor the
pathway outlined above. It is possible, however, that N-oxide
formation occurs through a unimolecular event in which the
bound bipyridyl ligand is directly oxidized.38

■ CONCLUSIONS
Continuing efforts to develop Ru catalysts for chemoselective
C(sp3)−H oxidation have motivated the studies described
herein. As with many redox processes, mechanistic analysis is
challenged by the fleeting lifetime of intermediates, the
presence of more than one chemically competent active
species, and the multifarious pathways for catalyst decom-
position and/or arrest. As an analytical method, the ability to
monitor reaction progress using high mass-accuracy mass
spectrometry is differential. For our purposes, by pairing PSI-
MS with electrochemical and kinetic measurements, we have
gained a comprehensive understanding of the chemistry of
bis(bipyridyl)Ru complexes as oxidation catalysts. These
insights include (1) support for Ru(VI) and Ru(V)-oxo
complexes as active hydroxylating agents; (2) direct evidence
of ligand dissociation; (3) affirmation that the rate of bipyridyl

Figure 9. (A) Mass spectrum from m/z 400 to 900 obtained from a
reaction with precatalyst 1 at 23 min. (B) Extracted ion chromato-
graph of tris-bipyridyl Ru complex 8 recorded over the reaction time
course. The trace is normalized to the total ion count, and the highest
intensity is set to 1. A dead time offset of −0.5 min has been applied.

Table 2. Catalyst Poisoning by dtbpy N-Oxidea

aConditions: 5 mol % cis-[(dtbpy)2RuCl2] (3.125 mM), dtbpy N-
oxide, 2.0 equiv of H5IO6 (125 mM), AcOH/H2O, 1 h. Product
conversions estimated by 1H NMR integration of unpurified reaction
mixtures against an internal standard.
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exchange is influenced by 4,4′-substitution; and (4) character-
ization of three different pathways that limit catalyst TONs:
dimerization, ligand loss, and catalyst poisoning by bipyridyl
N-oxide formation. These findings are testament to the
transformative power of PSI-MS for methods research and
development, and have provided an unexpected level of clarity
to the mechanistic complexities of our Ru-catalyzed C−H
hydroxylation reaction.
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